
TDA Progntss Report 42-75 

rN84 13404 3 

Detectors for Optical Communications: A Review 
J. Kau 

Commu?ications Systems Research Section 

The subject of detectors for optical communications in the vbible and near-infiared 
regions of the specmm is reviewed The three generic types of detectors described are 
photomulripliers, photodiodes and avalrmche photodiodes Although the discussion is 
from the perspective of space-based applications, most of the information (exchding. 
perhaps, the matericrl on photomultipliers) is appficcrble to other opticul communkations 
sysrems (e.g.. fiber optics). 

1. Introduction 
The purpose of this papFr Is to describe three basic types 

of photodetectors which may be useful for the different 
channels of optical communications in the visible-near infrared 
region of the electromagnetic spectrum ( 0 . 4 ~  2 A 5 1.7pm): 
Photomu1tiplier tube (PMT), photodiode (PD), and the ava- 
lanche photodiode (APD). These channels include both guided 
transmission (through optical fibers) and unguided transmis- 
sion (e.g. amor~g any combinations of spacecraftlsatellitesl 
airplaneslground stations). The basic physical principle in all 
these detectors is the conversion of incoming photons directly 
into charge carriers. The detectors differ in the subsequent 
processing of the photo-generated carriers: In PMTs electrons 
are emitted into a vacuum tube which opcrates as an electron 
multiplier: in photodiodes the carriers (both electrons and 
holes) are swept out of the device into the subsequent ampli- 
fier circuit; and in APDs, generated carriers first undergo a 
random muli,plication process within the device itself. Other 
detector types - both electronic and thermal - are not 

choice in extremely low signal and low background noise 
channels. PDs can be used in heterodyne systems (where a 
iocal oscillator helps to overcome thermal noise) and in high 
background noise eavironments. Finally, APDs give better 
performance than PDs in systems which are thermal noise 
limited, a d  thus are used extensively in high-speed long-range 
optical fiber links. 

In the following sections each of the three generic detector 
types will be described. Points to be discussed include the 
basic physical mechanism of operation, materials considera- 
tions and operational characteristics in terms of responsivity, 
noise. speed and limitations for space applications. Finally 
the last subsection will briefly review the subject of detector 
arrays which may be seful in acquisition/tracking/pointing 
subsystems of the communications link. 

II. Photomultiplier Tubes (PMTs) 
A. Principles of Operation discussed here because of their speed and/or sensitivity limita- 

tions. The particular type of detector io be used depends on 
overall system considerations. PMTs, which are unique in 
their capability to detect individual photons, are the preferred 

PMTs are the most sensitive detectors. In  free space optical 
communications they should be used only under conditioi,; 
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where they can produce a usable Wtpai to a single photon 
detection event. Only characteristics which are relevant to 
this operational mode will be discussed here. The generic 
structure of the PMT is shown in Fig. ](a). It is basically an 
evacuated glass tube containing a photo-sensitive surface 
(photocathode). electron multiplier consisting of a chain of 
dynodes, and an output terminal (anode). Resistor bias net- 
work establishes positive potentials between each successive 
element of the PMT (Fig. l(b)J . 

There are many types of PMTs. They differ by their size 
(PMTs with diameters ranging from roughly 1 to  SO cm are 
commercially available). structural arrangement and details 
of the photocathode and dynode chain, and materials of 
which they are fabricated. Speclal PMTs employ a magnetic 
field in addition to the electric field in order to  reduce the 
temporal dispersion of the electrons, thus obtaining faster 
response. (These cross-field PMTs have lower gains than their 
all-electrostatic field counterparts.) 

The photo-detection process in the PMT can be basicaliy 
described as follows: a photon impinges upon the photo- 
cathode. and there is a certain probability (calied “quantum 
efficiency”) that a (primary) electron will be emitted. This 
electron (for larger light intensities several primary electrons 
can be emitted almost simultaneously) is focused and acoel- 
erated on the first dynode by the electric field established 
by the bias network. When it reaches the first dynode it has 
an energy of 200-500 eV, and it produces lowenergy second- 
ary electrons. (The characteristics of this process depend on 
the dynode material and on the primary energy.) These 
electrorls are again focused a id  accelerated to the second 
dynode, where more electrons are emitted in a secondary 
emission process. This process is repeated at each dynode 
(there can be from several up to  about I5 dynodes in a PMT), 
and as a result there is a large average number of electrons 
at the anode for each photoelectron emitted by the photo- 
cathode. I t  should be noted that there are some newer versions 
of PMTs where the electror. multiplier is not a dynode chain 
but a microchannel plate (MCP). The inner walls of the chan- 
nels of the MCP are coated with a material with a high second- 
ary emission coefficient. The gain is thus distributed along 
the channels. and is usually smaller than that achievable with 
regular PMTs. 

8. Basic Parameters 

1. Quantum efficiency. Quantum efficiency (q)  is a prcp- 
erty of the photocathode of the PMT and is defmed as the 
ratio of the number of photoelectrons emitted from the 
photocathode to the number of photons impinging upon it. 
The most popular class of photocathode materials is the 
multi-alkalis (Na-K-Sb-Cs) which has good response from the 

W to near IR [Fig. 2(a)J, with 9 :? 20% at X = 0.53 jm. The 
long wavelength response can be extended to 0.9 by 
special processing. GaAs activated iii cesium is used in appli- 
cations which require a hlgher sensitiv!ty In the near IR. Fc; 
this materiai r) 20% at X = 0.8 l ~ n  and 9 t 25% at L = 
0.53 pm in commercially available PMTs [Fig. 2(b)J. There are 
no photocathodes with good quantum efficiency for h 1 
w. The only material is Ag-O-Cs, Lhich has r )  < 0.1% at the 
Nd:YAG laser wavelength (X = I .06 ym). 

2. Gain. Gain (C) is the ratio of the number of electrons 
leaving the PMT anode to the number of photoelectrons 
emitted by the photocathode. Because of the statistical nature 
of the secondary emission process at each dynode. G is a ran- 
dom process. The probability density function of C has been 
calculated and found to  be different from the Gaussian dis- 
tribution, so it cannot be fully characterized only by its first 
two moments. Since in our application we want to  be able 
to detect single photoelectron events, the magnitude of the 
average gain, e, needed is determined by the condition that 
the peak current by a single electron response is larger than 
the RMS input current noise to the next stage of aetectio!: 
( 2  g.. pre-amplifier). This condition can be expressed as 

c- 

The term on the lefthand side of Eq. ( I )  is the approximate 
peak of the single photoelectron current pulse (2, is the rise 
lime of the PMT and q is the electron charge), and the term 
on the right hand side is the thermal (Johnson) noise current 
of the system to which the PMT is connected (K is Boiaman 
constant, B is the bandwidth, R is the input resistance and 
T, is the equivalent noise t-mperature of the amplifier). For 
B 2 I/$,  R = 5051, and T, = 900 K (corresponding to a typical 
commercial amplifier with a Noise Figure of 4.8 dB), Eq. (1) 
results in 

12500 c >> 
d m -  

As an example. for B = 140 MHz (corresponding to  t, 2.5 
ns), a PMT with G >> 3 104 is needed. This requirement 
can be easily met in commercially available PMTs which 
possess average gains of up to IO6 to  IO’. For a given PMT, 
the average gain can be modified by varying the voltage V 
applied to it, approximately according to the following 
explr\don 

F = aVb (3) 

where a and b we constants. 
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3. T i i  respease. The time response of the PMT is charac- 
terized mainly by two parameters; both are affected by the 
dynode structure and the voltage applied to the PMT: 

(1) Transit time is the delay between emission of a photo- 
electron from the photocathode and the instant 
when the anode output pulse reaches its peak ampli- 
tude. Typical transit times in regular PMTs are 10 to 
100 ns (-1 ns for MCP-PMTs). 

(2) Rise Time (r,) is the t h e  it takes the anode signal 
amplitude to  rise from 10% to !JC% of its p a k  value. 
Typical rise times are 2 to 20 ns for regular PMTs, ar.J 
cross-field ?MTs are up to an order of magnitude 
faster. 

4. Noh?. fh: relevant noise parameter in photon counting 
is the anode dark current, or, more specifically, the rate of 
dark counts. Since by using the hlgh gain of the PMT we can 
virtually overcome effects of thermal noise in the system. the 
dark current is the only relevant systes-generated noise (there 
are, of course, other noise sources, such as background radia- 
tion or the statistical nature of the signal radiation). The 
dark current increases with increasing PMT voltage. 

Sources of dark current are: 

(1) Thermionic emission of elecmns from the photo- 
cathode: Since the rate of this process is proportional 
to  T' e-€wflT (where E,  is the work function of the 
photocathode material, and T is the absolute tempera- 
ture), a modest amount of cooling of the PMT (to - -3OOC) can virtually eliminate this mechanism. 

(2) Unavoidable imperfections of the PMT: m e s e  include, 
for example, ionization of residual gases in the tube, 
field emission (mainly at high voltage levels), ohmic 
leakage and scintillation in the glass envelope or face- 
plate of the tube. 

(3) Dark counts caused by Cherenkov radiation due to  
cosmic rays passing through the PMT faceplate (that 
pari of the tube envelope facing the photocathode): 
1 his radiation is the ultimate lower limit of the dark 
current because cosmic rays can not be blocked. The 
flux of high energy cosmic rays is about 2 1W2 
cm-2-sec-1 at sea level and aboct 1 cm'2-sec'1 
above earth atmosphere (exact values depend upon 
orientation of the PMT and other effects which 3re 
beyond the scope of this document). Each high energy 
particle can emit many photons (up to  -100) when 
passing through the PMT faceplate. Because of these 
large noise pulse levels, they can be effectively discrimi- 
nated against the usually lower signal pulses. 

One of the major issues in using PMTs in space applications 
is their reliability. This issue is important wh-n c mparing 
PMTs to  solid-state detectors. described later in this. 
which have very long lifetimes. More and more data, albeit 
not under outer space conditions. are being accumulated 
mainly from particle physics experiments which use thousands 
of PMTs. Values of MTTFs (mean time to faiiure) are more 
than 2 X IO7 hours for catastrophic failures (eg., cracks in 
the glass envelope, short or open circuit of the electrodes) 
and 4 IO6 hours for partial failures (cg., increaStJ . a h 4  
nf dark current, reduced photocathode quantum efficiency, 
gain drifts). These are Img lifetimes even without taking into 
account the fact that. !:as[ ,eLability-wise, b; -AT can be 
considered as a system and not as a component. Of course. 
more testing needs to bt aone in order to evaluate PMT 
reliability in the space environment. It should be noted, 
however, that many space missions have included PMTs on 
board. 

In contrast to PMTs, PDs are unity gain devices, i.e.. there 
is no internal gain mechanisms in the device, so a subsequent 
electronic amplification of the resulting signal is always 
needed. The dominant detection process in PDs in our wave- 
lengths region of interest is intrinsic absorption, schematically 
depicted in Fig. 3. Since this process involves a transition of 
an electron from the valence band to  an unoccupied state in 
the conduction band of a semiconductor. the minimum 
photon energy required is Eg, the bandgap energy of the 
semiconductor, or 

h v>Eg (4) 

where h is Planck constant and v is the frequency of the light 
radiation. Using Y = c/A (c is the light velocity in vacuum), we 
obtain the cutoff wavelength A,, which is the longest wave- 
length that can be detected by intrinsic absorption (other 
>sorption mechanisms are also possible but are of less rele- 

varce to our application): 

For h < A,,, the absorption coefficient Q increases with 
decreasing wavelengths. The detail: of the &(A) curve depend 
on the band structure of the specific semiconductor (including 
Coping effects), on the temperature and on the electric field 
in the semiconductor (Franz-Keldysh effect). The lower limit 
on the wavelengths that can practically be detected is reached 
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when CY is so large that most of the incoming photons are 
absorbed close to  the surface, where several phenomena tend 
to reduce the efficiency of the detection prccess. 

In order for the generated carriers (Fig. 3) to contribute to  
current in the external circuit, they have to be separated 
(otherwise they recombine). The usual method of obtaining 
this goal is to construct the detector as a pn diode. Thus 
carriers which are generated either in the depletion region, or 
roughly within one diffusion length from it will contribute to 
the photogenerated current. The pn diode is operated in a 
~ ~ e r s e  bias, which improves the diode performance in terms 
of linearity, speed of response and quantum efficiency. 

For high speed applications, two generic diode structures 
are used: PIN diode (Fig. 4) and Schottky diode (Fig. 5). 
In the PIN PD (Fig. 4) the region where most of the light is 
absorbed (I.  or  intrinsic. region) is designed to have low doping 
level, thus resulting in a fairly uniform electrical field in that 
region. The diode bias voltage is chosen such that the peak 
field (Le., at the junction itself) is lower than the value needed 
for avalanche multiplication, and the field magnitude at the 
other edge of the intrinsic region is sufficiently large to main- 
tain saturation drift velocity of the carriers. This assures the 
minimurn possibk trii sit time (see Section I1I.B) and thus 
helps to optimize the PD temporal response. The Schottky 
PD (Fig. 5) has a simpler structure: In its most basic structure 
it consists of a semiconductor on which a thin Mm (<, 500 A) 
of metal is deposited. Schottky PDs usually have lower quan- 
tum efficiency than PIN PDs, but they have faster response 
and extended response towards the short wavelengths region. 

B. Basic Parameters 
1. Quantum efficieacy. Quantum efficiency (T)) is defined 

as the ratio of the number of charge carriers contributing to  
the current (p) and the number of photons impinging upon 
the diode sur ace per second. 

where P is the optical power. An ideal photodiode has T )  = 1 
(or loo%), and practical PDs approach this ideal value. A 
related parameter is the responsiviry, H, of the photodiode, 
which has units of Ampere/Watt. The relation between T )  

a n d a i s  

(7) 

T )  <and&) depends upon the diode material, structure, wave- 
length and temperature. Among the things done m order to  

optimize thc structure of the PD are tailoring the depletion 
region to overlap as much as possible with the region where 
most of the light is absorbed (subject to  speed constraints) 
and employing antireflection coating on the photosensitive 
surface of the PD (see Fig. 4). 

2. Speed of response. Speed of response is determined by 

(1) Carrier drift time in the depletion region, which is 
proportional to  the width of the region and inversely 
proportional to  the carrier velocity. 

( 2 )  Diffusion time constant of minority carriers which 
are generated within approximately one diffusion 
length from the depletion region. 

(3) RC time constant associated with the diode shunt 
capacitance and series resistance (including contribu- 
tions from the diode itself, and from the diode hous- 
ing, wires and other parasitics). This time constant can 
be minimized by reducing the diode area and f?bricat- 
ing it on semi-insulating substrates (in CaAs). 

the combination of the following time constants: 

A general rule of thumb is to  minimize the diffusion time 
constant and to  design the transit time to  be approximately 
equal to the RC time constant. Usually there is a tradeoff 
between speed of response and the quantum efficiency. Both 
PIN and Schottky diodes with frequency response exceeding 
20 GHz (and rise-times of 35 ps) have been demonstrated in 
the laboratory and some are commercially available. Recently 
a GaAs Schottky PD with a 3 dB bandwidth of 100 GHz has 
teen demonstrated. 

3. Noise ia PDs. A typical detector circuit is shown in 
Fig. 6a, and the equivalent circuit, including all the noise 
sources, is shDwn in Fig. 6b. The signal source is given by 

where P, is the optical power impinging upon the diode. The 
noise sources, are: 

(1) The diode equivalent circuit contains three white 
spectrum shot-noise current sources which originate 
from carriers generated by signal photons (i:)’”, 
background photons (t: t”, and dirk cu rent 

(which is caused y generation recombina- 
tion process in the depletion region, minority carrier 
diffusion and surface leakage). These three current 
sources are given by 

6)  
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where Pb is the background optical power. 

thermal (Johnson) noise current source given by 
(2)  The bias and load resistances have a white spectrum 

- 4 K T B  
f h  =- 

Re 

with R, as the parallel combination of RB and RL. 

(3) Since PDs are virtually always followed by an ampli- 
fier. its noise has to  be taken into account. There are 
two main types of front-end amplifiers. 

The first type is the transimpedance amplifier, shown on 
Fig. 7(a), where the thermal noise contribution is mainly 
determined by the feedback resistance R,. The second type is 
the high impedance amplifier, whose first stage, which deter- 
mines the overall behavior of the amplifier, is made of either a 
field-effect transistor (FET) (Fig. 7(b)) or a bipolar junction 
transistor (BIT). In the case of an FET, (?)In [Fig. qb)] 
can be neglected. The voltage noise source is given approxi- 
mately by 

where gm is the FET transconductance. This n o i s  scurce 
can be transformed into an equivalent noise source which 
appears in parallel to the ED F i s e  sources and replaces all the 
other noise sources ( i.e., i;b. vt : 1 

- 4 K T B  2 . 8 K T B  i ' 2  =- + 
Re gm th 

where C' and LL are the diode and the load capacitances, 
respectively. From Eq. (12) we see that low capacitances are 
important not only for high frequency but also for low noise 
performance. 

For the BJT front-end amplifier we have 

- 2 K T B  if a - 
'e 

- 2 K T B  vt =- 
B re 

where re is the AC iaput resistance of the BJT and (re 1 KT/ 
qlB> and S is its current gain. As in the case with a FET, the 
amplifwr noise dominates for large values of Re. For the 
BJT hgh-impedance front-end amplifier there is an optimum 
bias point which yields the following value of the BJT thermal 
noise: 

By comparing Eqs. (i2) and ( 1 5 )  we see that RJTs are 
better than FETs in high frequency operation (B' vs. B3 
dependence). The reason is that the transconductance of the 
FET is basically fured, while that of the !UT can be increased 
by varying the bias point. 

The signal to  ncise rptio at the PD-amplifier combination is 
found by combining Eqs. (S), (9) and ( 1  2)  or ( 1  5 )  

where Te is an equivalent noise temperature which depends 
on the circuit bandwidth, and whose value can be found from 
Eq. (12) or  ( 1  5 ) .  

As an example, consider a PD/FET combination with the 
following parameters: T = 300 K ,  h 0.85 WI, P' = 0.1 PW, 
5 = nA, 6 = 0,  B = 100 MHz. (Cd + CL) = 1 pF,R, = 10 KS2, 
gm = 10 mS and ti = 0.8.  These parameters are achievable 
with a careful design (including hybrid or monolithic integra- 
tion of the PD and the FET). Under these conditions the 
major noise mechanism is still the thermal noise of Re. The 
resulting signal to noise ratio is S/N a 4.1. The S/N can be 
improved by increasing Re. Postamplification equalization is 
usually employed with these high-impedance (integrating) 
amplifiers. 

An important parameter characterizing the overall sensi- 
tivity of the PD (and any detector) is the Noise Equivalent 



Power (NU) (or its inverse, Derectivirv, D E I/NkP) which 
is the optical signal power for which S/N = 1. Dimensions of 
the NEP are W a t t / f i .  In many cases the Detectivity is 
normalized to the area of the detector and is denoted by Do: 

%or optical communications, D' is usually not a relevant 
parameter since thellght distribution on the PD is not uniform. 
In addition, contribution from peripheral leakage currents in 
small-area PD does not scale as the area. Typical NEP of com- 
mercially available Si PDs (at their peak wavelength) is 
to  W / f i  (corresponding D' are approximately 
0.5-5 lo'* c m - r w W ) .  

C. Materials Considerations 
1. Silicon. Silicon (Si) is by far the preferred material 

because it is technologically the most mature. With an indirEct 
bandgap of 1.1 eV ii can be used for the wavelength regior. 
0.4 m 5 h 5 1.1 pm, dthough special structures have to be 
used in order to  exterid the efficient range of operation 
beyond 1 m. Quantum efficiencies at the peak wavelengths 
(0.8 to  0.9 pm) can exceed 8096. Quantum efficiencies of 
-60% are available at the Nd:YAG laser wavelength (1.06 pm) 
and its second harmonic (0.53 m). Dark currents are as low 
as 0.1 nA in commercially evailable Si PDs. 

2. h a n k u n .  Germanium (Ce) which can cover the 
0.8 ~ u n  <, X 5 1.7 pm region has the disadvantage of very high 
dark currents due to its smaller bandgap and higher surface 
recombination. Dark currents are typically 3 orders of magni- 
tudes more than in Si. Quantum efficiencies are comparable 
to  Si. 

3. GaAs. CaAs basically covers approximately the same 
wavelengths region as Si (0.4 pm s h 5 0.9 pm), and thus it 
is used less extensively. The advantage of GaAs is that semi- 
insulating substrates are available. and thus devices with very 
low capacitance can be fabricated on the structures. Very fast 
Schottky PDs made in this fashion have been recently demon- 
strated. Other advantages of GaAs are its higher radiation 
resistance (20 to 30 times more than silicon) and its ability 
to operate at higher temperatures (because its bandgap is 
larger than in silicon) - both properties which are especially 
important in space application. 

4. Ternary and Quartetnary Components/Hetrojunctions. 
Different combinations of materials from the GaAlAs, InGa- 
ASP and CaAlAsSb systems can be utilized to make PDs which 
can span at least the 0.6 pm 5 X 5 1.7 pm region. Once these 
materials and their fabrication processes become more tech- 
nologically mature, PDs will have excellent performance char- 

acteristics. By including heterostructures in these mqterials, 
one could separately tailor the quantum efficiency 01 the PD, 
its spectral response and the speed of response. Thub I? 2 3.95 
is achievable even at high speed operaticn and a* .-,cct23 

regions of the spectrum. Today perfornrarrce of ~ n t i e  k 3 s  is 
better than Ce, but somewhat worse than Si, in patticula; in 
terms of hlgher dark currents. 

IV. Avalanche PhotolDiodes (APDs) 
A. Principles of Opetatlon 

The Avalanche Photo-Diode (APD) is a photodiode which 
contains an additional region where the photogenerated 
carriers are multiplied via the avalanche process. In this multi- 
plication region the electric field is very hlgh (several t ines  
lo5 Vlcm). Carriers are accelerated by the field, and upon 
acquiring enough kinetic energy (approximately 1.5 E ) they 
can create new carrier-pairs by impact ionization. A s  this 
process repeats itself, more carriers are generated, which is 
an effective amplification process, as depicted schematically 
in Fig. 8. 

A structure of a common version of an APD (Reach- 
Through APD) and the electric field distribution across it are 
shown in Fig. 9. The incoming light is absorbed mostly in the 
low doped (n) region. in a similar way to  the drift region in 
a PIN diode. Holes are swept out the pcontact, and electroiis 
enter the hlgh field region near the np junction where the 
multiplication process takes plece. As we will now see, it is 
important which type of carrier (electrons or holes) enters 
the multiplication region. The basic reason is electrons and 
holes have different ionization coefficients in a given 
material. 

The ionization coefficient, denoted by an (for electrons) 
or a, (for holes) is defined as the number of ionizing colli- 
sions per unit length for each carrier. Both a, and an are 
strong functions of the electric field 8, and they are expressed 
by the empirical formula 

where An, A,. B,. B p ,  and u are material parameters. The 
ratio between the ionization coefiicients 

- k =- 
an 
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(which by itself depends on the electric field) is a key param- 
eter of the APD. k = 0 (or Ilk = 0) means that only electrons 
(or only holes) can create secondary pairs via impact ioniza- 
tion. In this case, and assuming constant electric field in the 
multiplication region, the gain M is given by 

where W is the width of the multiplication region. The other 
extreme case is when ap = an. Now the multiplication pro- 
cess is influenced by feedback mechanisms, and the resulting 
expression for the gain is 

For general valces of k we obtain 

and 

have a higher ionization coefficient should be injected into the 
multiplication region. As we will see later, the k-parameter is 
very important in determining the noise characteristics of the 
APD. It should be noted that ap,n represents average param- 
eter values of the impact ionization process, and thus the gain 
mechanism of the APD is a random process. In Fig. 10 we see 
an example of the probability density function for the number 
of electrons leaving the multiplication region. It is interesting 
to note that even for high multiplication values, M, the most 
probable event is less than the average value. 

B. Basic Parameters 

1. Cain. Gain, or multiplication factor, M .  of the APD is 
basically defined as the ratio of the actual current of the APD 
to the current that would have flown if no impact-ionization 
processes took place. The gain varies with the applied reverse 
voltage Vo on the APD approximately according to the 
empirical formula 

1 
M =  *-(a)” 

where V,., is the breakdown voltage of the diode and u is an 
empirical constant. As we will see later, the actual value o f M  
is chosen to optimize the signal to noise ratia of the APD. 
These values are of the order of 100. In addition, there is a 
limit to the maximum gain that can be obtained from an  APD 
in a regular bias circuit. Since 

a n W  (I-k) 

a n W  (I-k) 

(1 - k ) e  

1 - k e  
(21b) Mn = 

( 24) When we can not assume a constant electric field in the multi- 
plication region, the expressions are more complicated. In 
order to avoid numerical calculations, we define effective 
values so that 

- 
VD - L - G R B  

where VKK is the voltage of the bias network, ID is the APD 
current and Re is the bias resistor, and 

ID = M ( i h  +g 

and 

where j p h  and are the photo-generated and the dark cur- 
k, Q la (22b) rents, respectively (before multiplication), then by setting 

VKK to its maximum allowable value V’K = V,, using Eqs. 
(14) and (25) in Eq. (23) we obtain the maximum multipli- 
iation: 

- -- 
~n 

- 
1/2 

i26) 
VB 

wa = x2 - x 1 (22c) 

Mmax = [($h + &) RB u ]  
where {x , x2) is the interval which contributes significantly 
to the muftiplication process (i.e., the high-field region). 

From Eq. (26) we can see the importance of reducing the dark 
current of the MD. In addition, we see the saturation effects 
caused by the signal that can introduce distortions which are 

Inspection of Eqs. (21) shows that in order for the gain to  
be less sensitive to minor field variations, those carriers which 
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of great concern in analog applications. Qpical  operating 
gains of APDs are 100 to  500. 

2. Time response. There are two basic limitations on the 
time response of APDs. At high multiplication factors, the 
time constant associated with the avalanche process is the 
dominant one. Because of the feedback effects (which are 
due to non-zero k values), this time constant is proportional 
to M. Thus at the high gain region the gain-bandwidth pro- 
duct is constant, given by 

where Mp,JO) is the DC value of the multiplication, 2, is the 
effective transition time of carriers in the multiplication 
region, and x is a slowly varying function of &(Ilk) (e.g., 
X(I) = ID, X ( i c r 3 )  = 2). 

At low multiplication factors, 

wd M(O)<< - 
3kXW, 

(where Wd is the width of the drift region), the dominant 
constraint is the drift time, similar to the PIN PD. Thus in this 
region the bandwidth is constant, and the gain-bandwidth 
product increases linearly with M :  

(29) 
”n M(0)B Y M(0) * - 
’d 

where vn is the drift saturation velocity of the electrons. The 
overall behavior of the gain-bandwidth product is shown in 
Fig. 11 for typical APD parameters: ( T ~  x k) = 5 1Wl3 s, 
Wd = 50 pm and v, = lo7 cmls. Since the gain of the PMT is 
usually determined from noise considerations. the bandwidth 
is determined by it too. Typical rise times are 0.1 to 1 ns, and 
typical gain-bandwidth products are 100 to 200 GHz. 

3. Noise. The random nature of the gain process in the 
APD and in particular the feedback effects resulting from 
non-zero k values (Le., both carrier types can initiate irnpact- 
ionization) cause an additional noise mechanism, called 
“Excess Noise,” which increases at a faster rate than the rate 
at which the signal is amplified with increasing values of gain 
M. The excess noise prevents us from operating the APD at 
very high M values and thus virtually overcoming the effects 
of thermal noise, as is the case of PMTs. 

Using basically similar analysis to that done for the PD, 
the expression for the signal to noise ratio of the APD is 
given by 

where GS is that component of the dark current that does not 
flow through the avalanche region and thus does not get 
multiplied (e.& surface leakage current) and F is the excess 
noise factor of the APD which denotes the additional noise 
above that which is due to  amplified shot-noise alone. (The 
other terms in Eq. (30) are explained in conjunction with 
Eq. (16).) F is a function of both k and M. 

The excess nois.: factor for pure 
the multiplication regon is piven by: 

(M - 1)2 

Mn 
F, = M, - (1 - k) -!- 

and similarly for holes 

For k = I ,  F, = F,, = M: and fo rk ,  

electron injection into 

1 -- 
Mp>> 1 k MP 

(3 1 b) 

(Ilk) = 0, F, = F,, = 2. 
~ e n e r a ~ ~ y .  for a giv& operating region, F is sometimes approx- 
imated by 

F = M X  (32) 

where x is a non-ideality factor. 

From Eq. (30) we see that an ideal APD (Le., k( Ilk) = 0) 
can operate, in principle, like a PMT: By increasing M we can 
eliminate effects of thermal noise. However, in real APDs, the 
shot-noise is amplified more than the signal, so the optimum 
operating point Mom is not at M 4- but when the two 
noise terms in the denominator of Eq. (30) are equal. For a 
signal limited shot-noise, and assuming F = kM, we obtain 
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Mopt depends on the excess noise, load resistor and signal 
levels. In many applications we cannot neglect the dark and 
background currents. In this case the expressions become 
more complicated, though the calculations are straightfor- 
ward. Figure 12 shows a graph of an NEP of an APD vs M. 
The optimum operating point is clearly seen. For lower 
values of M the thermal noise dominates, and for higher 
values of M the excess noise dominates. Typical values of 
NEf for Si APDs are of the order of lo-" W / a  in the 
near infrared region. Typical values of total dark current 
are 0.1 to  1 MA* which is mainly due to  surface currents. 

C. Materials Consl- 
Wavelengths of operation, quantum efficiencies and dark 

currents for different materials are basically the same for 
PDs and APDs. For a brief review on these aspscts the 
reader is referred to  Section 1II.C. The material parameter 
that is unique to the APD operation is k I a /an. Table 1 
lists this factor for various materials. We see t ta t  for all the 
materials considered to  be used in optical communications 
0.01 5 k 2 100. For X 5 1.1 rum silicon is the best material 
for APDs also from the excess noise factor aspect. The basic 
problem in APD technology today is that good materials 
which can be used for h 2 1.1 pm (i.e., where Si can no 
longer be used) have k(l/&) factors which are too close to  1, 
which implies large excess noise factors. Some novel struc- 
tures have been devised to overcome this limitation by using 
heterostructure devices where the dynamics of electrons and 
holes can be separately controlled, thus yielding effective 
&-values which are much larger than the bulk values. In cer- 
tain atomic systems (ea., GaAISb) one could also possibly 
utilize certain details of the band structure in order to en- 
hance the &-factor. 

0. The APD as a Solid State PMT 

Cnder certain conditicns, APDs can be operated in a 
"piger-tube" mode so that they can respond to single electron 
events and thus can be used as photon counters. In order to 
operate in this mode, the APD must be cooled to liquid nitro- 
gen temperatures in order to reduce the dark current (to 
approximately 100 electrons/s or less). The diode is biased at a 
voltage level above the avalanche breakdown voltage (which is 
lower than the dielectric breakdown voltage of the APD) by an 
amount of up to several !ens of volts. A single carrier, which is 
either photo or thermally generated, has a high probability of 
causing sustained avalanche. At this point the diode voltage 
drops to the avalanche breakdown voltage, thus producing a 
voltage pulse whose magnitude is the difference between the 
bias and the avalanche voltages. This pulse can be easily 
detected without any further amplification. Then the ava- 
lanche has to be quenched and the device is ready for a new 

.detection event. Since quantum efficiencies of solid-state 

detectors are higher than those of PMT:, and since for rela- 
tively high over-bias the probability that a single carricr will 
generate sustained avalanche is high (up to  SO%), APDs operat- 
ing in this mode may be an attractive alternative in PMTs, 
especially with the added bonus of their improved size, rugged- 
ness and reliability. 

V. DetectorAmy8 
In order to perform beam pointing, acquisition and track- 

ing optically, it i s  necessary to use an optical detector that pro- 
vides some position information from the received llght signal. 
This informatior. can be derived from single detectors ("posi- 
tion sensors"), small arrays, (e+, quadrant detectors) or large 
arrays (e.g., CCD mays)  which are usually used for imaging 
but can also be used to perform functions such as one-step 
acquisition. 

A. PositionSerrsors 
Position sensors  re usually PIN PDs with relatively large 

areas (-1 cm2). Photogenerated current is collected from four 
electrodes, which are placed in pairs across opposite edges of 
the detector area. The position of the received llght spot on 
the detector can be determintd from the relative magnitudes 
of the currents at the individd electrodes. The absolute p d  
tion accuracy in this device is very coarse (* 10% approx.) but 
it can detect v e y  minute changes in the positicis (on the order 
of 

where A f is the system bandwidth). 

B. Small Arrays 
Solid state quadrant detectors are available in PDs and 

MDs. The common application of this segmented dztector is 
to detect position deviations from the optical axis of a system, 
and thus they are best suited to  perform tracking functions. 
Changes of the order of 

Ax [A) JAf[Hz] X spot area [cm2] /P,[WJ 

can be detected with quadrant detectors. 

MCP-PMTs (see Section I1.A) can utilize the fact that 
spatial information is preserved in the MCP amplification. 
PMTs with several anodes are available (from 4 X 4 to  approxi- 
mately 20 X 20 anode arrays). Several hundreds of photoelec- 
trons are needed in order to achieve optimum performance in 
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terms of spatial resolution. For the 4 X 4 anode arrays Ax 
0.2 mm which is about 1% of the photocathode area. 

for charge read-out, similar to  a “bucket-brigade’’ operation. A 
detailed description of CC‘D arrays is beyond the scope of this 
paper. These devices are made of silicon, so the quantum 
efficiency is comparable to  Si PDs. There are additional noise 
mechanisms associated with the read-out process. Under 
optimized conditions (cooling to 77K and readout at an 
optimum rate) RMS noise levels corresponding to 10 elec- 
trons per CCD cell can be achieved. Array sizes up to 800X 
800 cells are available. 

C. LargeArmys 
Large arrays are usually used for imaging, similar to TV 

tubes. The most common type are CCD arrays, which are 
arrays of PDs which contain, on the same chip, a mechanism 
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ORIGINAL PAGE Is 
OF POOR QUALI’W 

& P -  
Parameters of Eq. (18) 

-- 
An *P Bn *P 
cm-1 2m-l 

x 106 x 106 x 106 x 106 U 

VlCm Vlcm Low m 
field i . :Id 

Material 

Si 
Ge 
G e A S  
GaSb 
1nP 
InAs 
GaAlSb 
G%In I-xAs 

x = 0.14 
x = 0.2 
x = 0.47 

3.8 2.25 1.75 3.26 1 0.02 
15.5 1 1st. 1.28 1 10 
12 360 2.3 2.9 1 3 
3.2 300 0.36 0.55 1 0.5 

2000 30 1.5 2.5 1 0.2 
10 

0.104 0.19 0.41 0.41 2 2 

1000 130 3.6 2.7 1 

0.1 
2 
5 

>1 
0.4 

20 
2 

2 
5c 

0.2 
GaAsSb 0.15 0.11 0.64 0.72 1 0.4 0.7 
InGaAsP 0.3 >1 
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Flg. 12. NEPot APO wsu8 gain M ( k  = 0.1. A = 0.65 m, 
B = MM, RJT, = 10.7 WK. Idti,,, = 2; 

38 


